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The sheet-metal industry uses Lankford coefﬁcients and the forming-limit curve, FLC, as standards for
characterizing a sheet’s ability to be stretched and deep drawn. Investigators have recently made signif-
icant advances in computer codes that predict these measures of formability. However, complete exper-
imental data sets that provide input properties and veriﬁcation data for the simulations rarely exist for a
single material. The current investigation focused on obtaining such data for a single drawing-quality
steel sheet. Measurements intended for the calibration and initial veriﬁcation of the simulation code
include uniaxial-tension tests, through-thickness and plane-strain compression experiments, and quan-
titative texture – orientation distribution function – evaluations, while a comparison between measured
and simulated Lankford coefﬁcients, Part I, and an FLC, Part II, provide a rigorous veriﬁcation of the
computer simulations. In order to initially verify the simulations, we performed through-thickness and
plane-strain compression measurements. A key experimental result was that the ﬂow curve in free,
through-thickness compression – an experiment that corresponds to biaxial stretching – lies 18% above
the uniaxial tensile data. The plane-strain compression curve is another 11% above the free-compression
stress/strain data. We measured the Lankford coefﬁcients, as a function of angle to the rolling direction,
for the same steel sheet, ﬁnding the maximum values in and at 90 to the rolling direction, 1.59 and 1.89
respectively. A minimum Lankford coefﬁcient of 1.19 was measured at 45 to the rolling direction. For
calibrating a rate-dependent visco-plastic self-consistent polycrystal model we needed only to measure
the material’s initial texture and to ﬁt power-law and saturation-hardening laws to our tensile data. This
kept the set of adjustable parameters to a minimum. Without other adjustments to the model, we pre-
dicted the correct stress levels in the free and channel-die compression experiments as well as values
of Lankford coefﬁcients. These successes indicate that the polycrystal model should be capable of simu-
lating the entire FLC, Part II.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Automotive, beverage and appliance industries, among others,
have used the processes of stretching and deep drawing for many
years to form parts from a variety of sheet metals. In the mean
time, researchers have developed two conceptual tools that char-
acterize a sheet’s ability to sustain deformation: the Lankford coef-
ﬁcient or R-value; and the forming-limit curve or diagram (FLC or
FLD). A sheet’s ability to be deep drawn, where the sheet’s borders
are allowed to slide into the drawing cavity of the forming die, can
be best characterized through the R-value, the ratio of the plastic
strain across the width of a tensile sample to that through the ten-
sile bar’s, sheet’s, thickness.ll rights reserved.
.
ut).Simulations of metal forming, the Lankford coefﬁcient and in
particular the FLC, have advanced dramatically in recent years,
with the incorporation of various anisotropic yield functions and
crystal-plasticity models in simulation codes. The codes include
an instability analysis – for example a Marciniak defect – to initiate
localized plastic ﬂow. The investigations by Knockaert et al. (2002),
Kuroda and Kuwabara (2002), Barlat et al. (2003), Wu et al. (2003),
McGinty and McDowell (2004), Abedrabbo et al. (2006), Campos
et al. (2006), Aretz (2007), Ganjiani and Assempour (2007), Yoshida
et al. (2007) and Signorelli et al. (2009), among others, are some of
the most notable recent examples of this type of simulation of me-
tal formability.
While the simulation techniques applicable to metal forming
have made signiﬁcant advances, researchers are still limited by
the lack of a complete data set for any particular material. Lankford
coefﬁcients and FLCs are now available for many drawing-quality
steels, but these data are rarely accompanied by quantiﬁed texture
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theories and stress/strain data for in-plane stress states producing
biaxial and plane-strain sheet deformation. These texture and
stress/strain data are required if the Lankford and FLC simulations
are to be accurately calibrated and initialized. Currently, most
researchers conducting simulations must make assumptions with
respect to the texture and in-plane yield and ﬂow behaviors.
One reason for the lack of data is that specialized equipment is
needed. For example, researchers classically measure balanced-
biaxial ﬂow curves with a hydraulic bulge tester, a piece of equip-
ment that few possess. A plane-strain tensile experiment on sheet
material is difﬁcult to conduct as well. Researchers have tried to
use wide, short tensile specimens to attain these deformation
states, but the results have been mixed. Generally, ﬁnite-element
simulations are needed to determine the stress state; stress gradi-
ents exist in the specimens, and plastic instabilities often limit
deformation.
The objective of our research was to obtain a comprehensive
data set for a particular steel sheet that could be used to calibrate
a modern texture-based simulation of formability behavior – quan-
titative descriptions of texture and multiaxial, principal-stress ﬂow
curves – and then to verify the predictions from such a simulation
– Lankford coefﬁcients measured at various angles to the rolling
direction and FLC curves. Ultimately, we will explore what is the
minimum data set required for accurate prediction of metal form-
ing behavior.
If the plasticity of a metal is insensitive to hydrostatic pressure
– a classic assumption – the yield and ﬂow surfaces of that metal
will be centered at zero stress – isotropic hardening – and there
will be particular symmetries between tensile and compressive
stress states. In such cases, the deformation states are equivalent
and these symmetries can be used to approximate the sheet’s in-
plane, biaxial, tensile behavior. For example, compression through
the sheet’s thickness is an approximation of balanced-biaxial
stretching and plane-strain compression, also through the sheet’s
thickness, would be nearly equivalent to plane strain produced
by tensile stresses. Kuwabara (2007) summarizes the classical lit-
erature references on this subject and presents a short discussion
of the technique’s advantages and limitations.
In the case of balanced biaxial tension in the 1–2 plane, the ten-
sile stresses, r1 = r2, equal the corresponding through-thickness,
compressive stress, r3, and the sum of the true tensile strains
in biaxial stretching equals the magnitude of the through-thick-
ness compressive strain, e1 + e2 = e3. For plane-strain deforma-
tion, let us assume that the maximum principal tensile stress is
in the 1 direction. Then, for an equivalent plane-strain compression
experiment in the three direction, r01 ¼ r03 and e1 = e3.
The through-thickness, unconstrained and plane-strain com-
pression experiments are not performed with specialized equip-
ment, and these data combined with standard tensile experiments
can verify a ﬂow locus for tensions in the sheet’s plane, which are
the dominant stresses in sheet forming.
Once a simulation code has been calibrated to predict a sheet’s
formability, two forms of experimental data provide veriﬁcation of
the model’s predictions, Lankford coefﬁcients and the FLC. In this
paper, Part I, we will address the Lankford coefﬁcients, reserving
the study of the FLC for Part II.
The sheet-metal industry uses a measure of plastic anisotropy
called the Lankford coefﬁcient, or R-value, to characterize a sheet’s
formability. As summarized by Hosford and Caddell (1993), R is
calculated using a tensile test by taking the ratio of the true plastic
strain across the sample’s width to that through the sample’s
thickness:
R ¼ ew
et
¼ lnðwf =w0Þ
lnðtf =t0Þ ð1Þwhere,wf andw0 are the ﬁnal and initial specimen widths and tf and
t0 the ﬁnal and initial thickness.
Direct correlations have been observed between elevated values
of R and the ability of a sheet to be deep drawn. Generally, the va-
lue of R, or the sheet’s through thickness anisotropy, remains con-
stant at all levels of deformation. If the value of R is unity the sheet
is considered to be isotropic, while R-values greater than one indi-
cate anisotropy and that the sheet will be resistant to through-
thickness thinning during a drawing process. It is well known that
the values of R and their variation with respect to rolling direction
correlate directly to sheet texture, making quantitative texture
measurements particularly relevant for this study. Drawing-qual-
ity steel sheets typically have their highest R-values in the rolling
and transverse directions, approximately 1.55 and 1.90 respec-
tively. The minimum R-value, about 1.2, occurs at 45 to the rolling
direction.2. Simulation scheme
For simulating the material response, a rate-dependent poly-
crystalline model is employed. This model is based on the visco-
plastic behavior of single crystals and uses a self-consistent, SC,
homogenization scheme for the transition to polycrystals, VPSC.
Unlike the full constraint, FC, model for which the local strains in
the grains are considered to be equal to the macroscopic strain ap-
plied to the polycrystal, the SC formulation allows each grain to de-
form differently, according to its directional properties and
depending on the strength of the interaction between the grain
and its surroundings. In this sense, each grain is in turn considered
as an ellipsoidal inclusion surrounded by a homogeneous effective
medium, HEM, which has the average properties of the polycrystal.
The interaction between the inclusion and the HEM is solved by
means of the Eshelby formalism Mura (1988). The HEM properties
are not known in advance, but they have to be calculated as the
average of the individual grain behaviors, once a convergence is
achieved. In this paper, we will only present the main equations
of the VPSC model. An exhaustive presentation and discussion of
the VPSC formulation can be found in Lebensohn and Tomé (1993).
The deviatoric part of the viscoplastic constitutive behavior of
the material at a local level is described by means of the non-linear
rate-sensitivity equation:
d ¼ _c
X
s
ms ms
ssc
ms : s
ssc

1=m1 : s ð2Þ
where, ms ¼ 12 ns  b
s þ bs  ns  is the Schmid tensor describing
the geometry of the slip system in the single crystal, ns is the
slip-plane normal, bs is the slip direction, ssc is an initial critical
shear stress, _c is the reference strain rate andm is the rate sensitiv-
ity. The interaction equation, which relates the differences between
the micro and the macro strain rates ðd; dÞ and deviatoric stresses
ðs;sÞ, can be written as follows:
d d ¼ fMðs sÞ ð3Þ
where, fM is the interaction tensor. The macroscopic secant modu-
lus,Msec, can be adjusted iteratively using the following self-consis-
tent equation:
Msec ¼ Msec : B  ð4aÞ
d ¼ Msec : s ð4bÞ
where, h i denotes a weighted average over all the grains in the
polycrystal and B is the accommodation tensor deﬁned for each sin-
gle crystal.
Fig. 1. The upper drawing shows the relevant dimensions, in millimeters, of the
tensile bar. Below, a photograph of a tested sample that illustrates the position of
the ﬁve reference points where the Lankford coefﬁcients were measured.
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is taken into account by adopting isotropic hardening. The evolu-
tion of the critical shear stresses is given by:
_ssc ¼
X
s0
hss
0 j _cs0 jdt ð5Þ
where, hss
0
are the hardening moduli depending on the accumulated
sum, c, of the single slip contributions, cs. Different mathematical
approaches to hardening laws can be considered. In the current pa-
per, we attempt to capture the main behaviors by using two well
accepted hardening laws:
Law 1 : hs ¼ h hcsscn
þ 1
 n1
ð6Þ
Law 2 : hss
0 ¼ qþ ð1 qÞdss0ð Þhð1 ssats0 Þa ð7Þ
where, h is the initial hardening rate and n is the hardening expo-
nent, q is a coefﬁcient deﬁning the hardening produced by one sys-
tem on the others (latent hardening) and ssat is the saturation stress.
The macroscopic values of the strain rates d and stresses s are
obtained by an average of the local values weighted by the volume
fraction of crystal orientations.
3. Experimental procedure
We performed this steel-sheet formability study with three
groups of experiments. The ﬁrst group of tests characterized the
mechanical response of the material. Uniaxial tensile tests in and
at 90 to the sheet’s rolling direction, RD and TD respectively, a
biaxial test in the plane of the sheet imposed through uncon-
strained compression in the sheet-normal direction and two
plane-strain experiments with the direction of zero extension in
the rolling, RD, and transverse, TD, directions comprise these
experiments. The second and third groups of experiments corre-
spond to tests used to characterize sheet formability: a proﬁle of
Lankford coefﬁcients with respect to the sheet’s rolling direction
and the forming-limit curve, FLC. We will reserve the discussion
of the FLC behavior, experiments and simulation, for Part II.
3.1. Material
To conduct this study, we used a mid drawing-quality, low-car-
bon, galvanized steel sheet with a thickness of 0.60 mm. The sheet
is typical of those used in deep-drawing applications. It was pro-
cessed in sequence through the operations of pickling, cold rolling,
annealing, quenching and electroplating. The chemical composi-
tion of the steel, excluding the zinc plating, is given in Table 1.
Optical metallographic analysis showed that this sheet had a grain
size of between 6 and 7 according to the ASTM-E112 norm.
3.2. Texture measurement
Samples for texture measurements were prepared by hand
grinding through to the sheet’s centerline section to avoid possible
surface heterogeneities due to the contact with the processing rolls.
However, later texturemeasurements taken from the sheets surface
matched the centerline textures, conﬁrming that the degree of het-
erogeneity was low. After grinding, the samples were ﬁne polished
through 2000 grit paper and diamond paste. Finally, an electro-pol-
ishwasperformed to eliminate anypossibility of deformedmaterial.Table 1
Chemical composition of the steel sheet used in this study (wt.% or parts per million).
C (%) Al (%) Mn (%) P (%) Si (%) N (ppm)
0.043 0.062 0.243 0.0074 0.025 39Textures were measured by X-ray diffraction in an X’pert MPD sys-
tem equipped with a texture goniometer, Cu K alpha radiation and
an X-ray lens. The {110}, {200} and {112} pole ﬁgures were mea-
sured together with defocusing and background ﬁles, and analyzed
in two steps. Whole compatibility was ensured by using the popLA
(1995) package, which allows calculations either by spherical har-
monics or WIMV analysis. Once satisfactory agreement was ob-
tained between these functional representations and the
experimental data, the orientation distribution functions (ODF)
were used to calculate input grain orientations for the simulations.
3.3. Uniaxial, biaxial and plane-strain experiments
As shown in Fig. 1, the tensile samples had a gage length of
50 mm and were 6.3 mm wide, giving an aspect ratio of nearly
10 to 1. Care was taken not to undercut the radii in the specimen
shoulders, and the test section was hand polished with metallo-
graphic paper to prevent premature failure. We used a computer
controlled Shimadzu universal tester with a 100 kN capacity to
load the tensile specimens in displacement control at a crosshead
speed of 4 mm/min, producing a strain rate of about 103 s1.
Load/displacement data were acquired digitally using the test ma-
chine’s software until a drop in load was observed and the sample
was unloaded before fracture.
In order to assess the Lankford coefﬁcients, we scribed the broad
surface of the tensile bar to create ﬁve reference points, shown in
Fig. 1. Themarked tensile barwas then photographed digitally, with
a dimensional reference, before and after testing. By combining
sample measurements taken from the photographs with thickness
measurements taken at the ﬁve marked points using a comparator,
we calculated total plastic strains and thus the Lankford coefﬁcient
at each particular reference point. Lankford coefﬁcients were mea-
sured in this manner for specimens oriented in and at every 15 to
the rolling direction of the sheet through 90.
As a complement to the tensile tests, we performed compression
experiments through the sheet’s thickness. As discussed previously,
this test approximates biaxial tension. Disks 9 mm in diameter
were cut from the steel sheet. A stack of 15 disks produced a com-
pression sample with a 1:1 initial aspect ratio, the minimum height
to diameter ratio for obtaining valid stress/strain data. For testing
purposes, the composite sample was placed between two sintered
tungsten–carbide compression platens. We applied a spray coating
of Molykote 321R Spray lubricant1 to both the platens and speci-
men ends as the primary lubricant and inserted a sheet of cast Teﬂon2
between the two as well, in a manner discussed previously by Lovato
and Stout (1992). The compression experiments were also conducted
with the Shimadzu universal tester in displacement control at a strain
rate equivalent to that of the tensile test, about 103 s1.
Finally, to complete the experimental measurement of the ﬂow
locus of the steel sheet, we designed a channel die to obtain
plane-strain, through-thickness compression data. Based on the1 Molykote is a trademark of Dow Corning Corp., Midland MI.
2 Teﬂon is a trademark of E.I. Dupont de Memours & Co., Inc., Wilmington, DE.
Fig. 2. Orientation distribution function as u1 sections together with a u2 = 45 section.
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nel to be 5 mm wide with the ability to accept a 10 mm long spec-
imen. A rectangular block, die, slides between the channel die’s
walls to load the specimen.
We applied the Molykote lubricant to the die surfaces that
would be in contact with the sample: walls, lower platen and rect-
angular loading die. In addition, we coated the sides and top and
bottom surfaces of the stack of sheet samples. Thus, in all contact
zones, both the samples and die had a layer of lubricant. No lubri-
cant was applied between the individual samples. This experiment
was conducted at a strain rate of about 103 s1, also.
4. Results
Our results include data from texture measurements, tension
and compression tests, and Lankford coefﬁcient evaluations.4.1. Texture measurements
The measured texture represented by the ODF as u1 sections
and a u2 = 45 section is shown in Fig. 2. In the ODF, we see a strong
and uniformly developed c ﬁber with intensities close to ﬁve, while
the a ﬁber is quite weak. These features are typical of mild draw-
ing-quality steel.
4.2. Uniaxial, biaxial and plane-strain experiments
Specimen dimensions of each of the individual free-compres-
sion disks and channel-die rectangles were measured before and
after the compression tests. These measurements indicated that
the free-compression specimens deformed uniformly – equal
amounts in the rolling and transverse directions – and that the
channel-die specimens followed a path of plane-strain deforma-
Table 2
Typical strains in the individual disks and rectangles after free and channel-die
compression testing.
Disk no. e1 e2 e3
Free compression
1 (surface) 0.159 0.164 0.323
2 0.168 0.168 0.336
3 0.168 0.173 0.341
4 0.173 0.173 0.346
5 0.173 0.173 0.346
6 0.173 0.173 0.346
7 0.178 0.178 0.356
8 (middle) 0.178 0.178 0.356
Channel-die compression zero extension
in the rolling direction
1 (surface) 0.009 0.234 0.243
2 0.009 0.239 0.248
3 0.009 0.243 0.252
4 0.009 0.243 0.252
5 (middle) 0.009 0.248 0.257
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Fig. 3. The measured true-stress/true-strain loading curves in uniaxial tension,
unconstrained compression and plane strain.
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Fig. 4. Values of the Lankford coefﬁcient measured as a function of orientation with
respect to the rolling direction.
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the channel.
Visual examination of the compression platens, channel die and
samples after testing showed that the Molykote lubricant re-
mained on all die and specimen contact surfaces throughout the
tests. However, there was still some non-uniformity of deforma-
tion when viewed with respect to the entire stack of samples. Indi-
vidual samples on the top and bottom of the stack, which were in
contact with the compression platens or loading die, experienced
slightly less deformation. We have documented the extent of this
non-uniformity in Table 2, with ﬁnal strain data from two typical
experiments, one free compression and the other channel-die com-
pression. The reader should note that deformations were symmet-
ric about the middle of the stack and strains for only half of the
pieces are tabulated. The true strains listed in Table 2 were calcu-
lated from the specimen’s initial and ﬁnal in-plane dimensions,
which are the largest and easiest to measure. The third strain,
through thickness, was calculated based on constancy of volume.
In order to correlate crosshead displacement with actual specimen
strain – thus calibrating a stress/strain curve – the average strainexperienced by each compression stack was calculated by sum-
ming specimen dimensions from before and after testing.
The measured true-stress/true-strain loading curves for uniaxial
tensile tests at zero and 90, plane-strain compression with zero
extension both parallel and perpendicular to the rolling direction
and unconstrained through-thickness compression are plotted in
Fig. 3, for the purpose of comparing tension and compression
experiments.
The ﬂow curves plotted in Fig. 3 exhibit three distinct levels,
one level for each class of deformation. Uniaxial tension has the
lowest stress level followed by unconstrained compression and
plane-strain compression, with the highest stresses. The uncon-
strained-compression ﬂow curve lies about 18% above the tensile
curve, and the plane-strain curves are another 11% above the
free-compression curve. In the cases of uniaxial tension and
plane-strain compression, we could not detect any signiﬁcant dif-
ferences between the experiments aligned with or transverse to
the sheet’s rolling direction.4.3. Lankford coefﬁcients
Fig. 4 shows the Lankford coefﬁcients – R-values – determined
from total deformation measurements of samples cut at every
15 to the rolling direction: zero, 15, 30, 45, 60, 75 and 90.
There are 10 data points per orientation, ﬁve individual measure-
ments from each of two samples at each orientation. If a particular
point of measurement was in a region where deformation was
obviously beginning to localize, it was not included in the ﬁgure
or the statistical analysis of the data. Although there is a notable
amount of scatter, these results are consistent with the accuracy
of the comparator used in the thickness determination (0.05 mm)
and the sample thickness (0.60 mm). We calculated the standard
deviations listed in Table 3 using a standard error analysis and
these values. In addition, the reader should note that simple
point-to-point, dimensional and textural variability, at the differ-
ent measurement positions in each sample, augment the observed
scatter.
In the rolling direction, the average value is R = 1.6 with a stan-
dard deviation of 0.15, while at 45 and 90 to the rolling direction
the average values and standard deviations are 1.2 and 0.05 and 1.9
and 0.11 respectively. All average values of R and the standard
deviations in its measurement are listed in Table 3. The large value
Table 3
Summary of Lankford coefﬁcients (average and standard deviation).
Angle to the rolling direction 0 15 30 45 60 75 90
Lankford coefﬁcient 1.59 1.53 1.34 1.19 1.48 1.72 1.89
Standard deviation in the measurement 0.15 0.10 0.08 0.05 0.06 0.09 0.11
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Fig. 5. Yield and ﬂow stress as a function of angle to the rolling direction for 0.2%,
2%, 5%, 10%, 15%, 20% and 25% strain.
0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Hardening Law: POWERLAW Hn
(H0=1.50; n=0.21; τ110=τ112=τ123=0.0720)
Hardening Law: POWERLAW QHa
(H0=1.750; q=1.4; a=2.28, τSat=0.207;
τ110=τ112=τ123=0.0785)
R0 Tensile Test (Fit case)
 Exp
 Sim Hn
 Sim QHa
σ
11
 [G
Pa
]
ε11
Fig. 6. Experimental and simulated uniaxial tests. Both hardening laws were ﬁtted
to the rolling-direction tensile curve.
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Fig. 7. A comparison between (a) unconstrained and (b) plane-strain compression
curves, experiments and simulations. The simulations were performed using the
exact hardening parameters obtained from the uniaxial-tension test.
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a high capacity to be formed through the process of deep drawing.
This sheet exhibits plastic-deformation anisotropy as seen in
the variation of Lankford coefﬁcient with respect to the rolling
direction, but we also found that the yield stress and work-harden-
ing behavior were equivalent, independent of orientation. The
stress/strain curves from the various tensile samples are practically
identical, lying nearly one on top of the other. This can be seen in
Fig. 5, where we have plotted the 0.2% yield stress and subsequent
ﬂow stresses – at 2%, 5%, 10%, 15%, 20% and 25% strain – as a func-
tion of angle to the rolling direction. These data lie along horizontallines, indicating identical behavior. At 25% strain, some data are ab-
sent because these specimens began to neck prior to attaining this
level of deformation.
5. Simulation, calibration and veriﬁcation
We selected coefﬁcients for the hardening laws, Eqs. (6) and (7),
in order to best ﬁt our uniaxial tensile data taken parallel to the
rolling direction. These laws combined with the initial texture
and its development in tension deﬁne the evolution of the critically
resolved shear stress for deformation. We assume that this stress
evolution, _ssc , is independent of the stress state loading the material
and that it is equal for all material slip systems. Thus, once the
coefﬁcients of the hardening laws are established by ﬁtting the
tensile data, the predictions that will be made for other loading
states, for example plane-strain deformation, are ﬁxed as well. If
the model’s predictions match the plane strain and free compres-
sion experiments, it indicates that the VPSC approach is correctly
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deformation, irrespective of stress state.
In Fig. 6, the ﬁt of the two hardening laws to our uniaxial tensile
data in the rolling direction is shown. It should be noted again that
these are ﬁts to specify the evolution of the critically resolved shear
stress in Eq. (5), and thus, the predicted curves in Fig. 6 fully ac-
count for our steel’s initial texture and its evolution. Considering
that only two and four parameters are adjustable in Laws 1 and
2, respectively, the agreement is excellent, well within the repro-
ducibility achievable with identical tensile experiments. At larger
deformations than those reached in the tensile tests, we would ex-
pect to see the predictions of the two laws diverge. The power-law
hardening simulation always maintains a ﬁnite hardening rate
while the saturation law will approach zero hardening at large
deformations.
A critical test of the VPSC model is its ability to predict the
plane-strain and unconstrained compression curves, see Fig. 3.
As can be seen in Fig. 7, the model accomplishes this success-Fig. 8. The experimental data, calculated based on Hill’s criterion and measured
Lankford coefﬁcients, and the VPSC polycrystalline model plotted in r1–r2 space.
Curves are drawn from the yield and ﬂow stresses in uniaxial tension at 0.2%, 10%
and 20% strain. We assumed power law hardening in (a) and saturation hardening
in (b).
Fig. 9. A comparison between Lankford coefﬁcients predicted by the VPSC
polycrystal model and the averages of our experimentals. Predictions from both
the power law and saturation-stress hardening laws are given.fully, particularly for through thickness strains between yield
and 0.20. Thus, the VPSC model correctly predicts the enhanced
through-thickness strength typical of drawing-quality steel
sheets, attributable to the material’s texture from processing.
The model is particularly accurate at predicting yield-strength
levels, when we know the material’s texture precisely. The slight
deviations that occur between the model and experiment are at
larger deformations when perhaps the model is not completely
capturing the rate of texture evolution. It should also be noted
that to compare the deviation between experiment and theory
in the through-thickness unconstrained and plane-strain com-
pression curves the reader must think in terms of an effective
strain, rather than simply the through-thickness strain, e33. One
of the simplest effective stress/strain criteria is the von Mises
criterion, and in that case the effective strain is 2=
ﬃﬃﬃ
3
p
times
greater than e33, mitigating the disagreement between the exper-
iment and theory seen in the channel-die test curves.
Fig. 7 demonstrates the validity of VPSC polycrystalline model
for this steel for the speciﬁc states of biaxial and plane-strain
deformation. Again, taking advantage of the assumed relationship
between compressive stresses and deformations, the model’s pre-
dictions and data can also be plotted in r1  r2 space, to examine
their general appearance, Fig. 8. These yield and subsequent ﬂow
loci are anchored at the 0.2% offset yield stress and uniaxial stres-
ses corresponding to 10% and 20% strain in the rolling direction.
The yield and ﬂow surfaces were calculated with the VPSC model
using both hardening laws: (a) power law; and (b) saturation hard-
ening. We can see that the loci are extended in and approximately
symmetric about the direction of biaxial tension. This symmetry is
mandated by nearly equal values of Lankford coefﬁcient in, R0, and
transverse, R90, to the rolling direction. We have also plotted the
experimental data from the compression experiments and zero
and 90 tensile tests in Fig. 8. The positions of the data points in
Fig. 8 depend slightly on the effective stress/strain criterion used
to reduce the data, see Stout et al. (1983). In the case of Fig. 8,
the data were calculated using Hill’s quadratic yield function and
the values of the Lankford coefﬁcients at zero and 90. The Hill
relationships between effective stresses and strains are tabulated
by Stout et al. (1983) in terms of the Lankford values. It should
be noted that in the case of the channel-die experiments we only
know the compressive stress. The second stress, responsible for
maintaining a state of zero extension in the 1 or 2 directions, is cal-
culated from the stress-ratio relationships given by Hill’s model.
The loci of both hardening laws are obligated to match the data
2292 G. Charca Ramos et al. / International Journal of Solids and Structures 47 (2010) 2285–2293in uniaxial tension at 0 because our model was calibrated to these
experiments. To test the model we must examine the biaxial stress
states and uniaxial tension at 90 to the rolling direction. As can be
seen in Fig. 8, the agreement between the experimental data and
VPSC formulation is good for both laws. It would appear that the
saturation law perhaps provides a better ﬁt to the experiments,
mainly in following the expansion of the yield loci. This is because
the so called saturation law includes latent hardening (Eq. (7)),
which better models the material’s behavior, resolving some of
the weakness of the simpler isotropic hardening. We believe that
these differences are acceptable and must point out that reconcil-
ing them was not the focus of this investigation.
While the simulations of the plane-strain and unconstrained
compression experiments demonstrate the validity of the VPSC ap-
proach, these are not a means of evaluating the formability of me-
tal sheet. Lankford coefﬁcients or R-values are one of the
fundamental measures used by the metal-forming industry. We
have plotted the average and standard deviation of our experimen-
tally measured Lankford coefﬁcients as a function of angle together
with the VPSC model simulations in Fig. 9. Two computational re-
sults are shown (labeled D and E) for each of the hardening laws.
The curves labeled E, open circles, are simulations of total strain.
This is what we measured experimentally with the sample refer-
ence marks. The other curves, solid circles labeled D, plot the Lank-
ford values calculated using a ratio of strain rates, R ¼ d22=d33. In
essence, the value of Lankford coefﬁcient calculated from the ratio
of strain rates is equivalent to a calculation based on incremental
strains.
Generally, the two tensile hardening laws and the VPSC formu-
lation work well in simulating these experiments. The model pre-
dicts maximum Lankford coefﬁcients in and at 90 to the rolling
direction, with a slightly greater value at 90. The minimum in
the predicted Lankford coefﬁcient is at 45. These features are in
complete agreement with the experiments. Power-law hardening
appears to give the best agreement between experiment and the-
ory with actual values of the Lankford coefﬁcient closely matching
at all but 75 and 90. At these angles the predicted Lankford coef-
ﬁcient exceeds the measurement. While there was apparently very
little difference in how the two hardening laws ﬁt the tensile curve,
Fig. 6, there is a marked difference in the Lankford coefﬁcients pre-
dicted by the two laws. The values from the saturation law consis-
tently exceed those calculated based on a power-law hardening,
except at and around 45, where the two models give nearly the
same results. The greatest deviations between the two laws are
at zero and 90 to the rolling direction.6. Discussion and conclusions
In this work we have presented experimental data for both cal-
ibrating and verifying a VPSC polycrystal model intended to predict
a metal’s ability to be formed by deep-drawing and stretching pro-
cesses. Only two experimental inputs were required by the poly-
crystal model: a conventional tensile experiment; and a
quantitative texture measurement, ODF ﬁle. Using these two sets
of data, a power law and a saturation hardening model, with two
and four adjustable coefﬁcients, respectively, were calibrated.
Without any additional adjustments or alterations, these harden-
ing laws were then combined with the ODF texture ﬁle to predict
material behavior under a variety of loading paths. The simplest
experiments we ﬁt, with excellent agreement, were unconstrained
and plane-strain compression stress/strain behaviors. The success
of modeling these two experiments is signiﬁcant because the
through-thickness compression experiment approximates bal-
anced biaxial tension and the plane-strain compression experi-
ment simulates plane-strain tension in the plane of the sheet.These are two critical stress states that must be considered when
investigating sheet-forming operations.
In addition to investigating how well the VPSC model predicts
basic stress/strain responses, we have examined its ability to pre-
dict the measured Lankford coefﬁcients of our drawing-quality
steel. Lankford coefﬁcients and their variation with angle to the
sheet’s rolling direction are one of the classic measures used by
the metal-forming industry to evaluate a metal’s ability to be
drawn and stretched. Our results for Lankford coefﬁcient, or R-va-
lue, are also consistent with previous work. Nearly all drawing-
quality steels possess the highest R-values in and transverse to
the rolling direction. The values transverse to the rolling direction
are the highest. Similarly, the minimum R-value for these types of
steels lies at 45 to the rolling direction. Our steel’s values of Lank-
ford coefﬁcient lie within the band that is typically reported, per-
haps towards the higher end, Ravi Kumar (2002), Gupta and Ravi
Kumar (2006), Janssens et al. (2001). Again, we were able to predict
all of the general characteristics we observed in our Lankford coef-
ﬁcient measurements. The greatest deviations between the exper-
iments and our simulations occurred at 75 and 90 to the rolling
direction, and a power law hardening model appeared to give a
superior agreement with the experiments. While there is an almost
imperceptible difference in how the two hardening laws ﬁt the
tensile stress/strain curve, the deviation between the laws in pre-
dicting the Lankford coefﬁcient is noticeable.
It is notable that each of these predictions was made with a
minimum of input data, only a tensile stress/strain curve and a
quantitative texture evaluation. In Part II of this work, we will
examine how well the exact model used here can predict the com-
plete forming-limit curve. In the spirit of the current paper, we will
emphasize the prediction of the FLC with a minimum of input data
and adjustable parameters.Acknowledgements
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